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Abstract 
Nanoporous carbons with graphitic domains were synthesized from a polymer containing sulfur 
and nitrogen. The materials were characterized using adsorption of nitrogen, potentiometric 
titration TA/MS, XPS, TEM and XRD. Then they were tested as supercapacitors in three-
electrode cell and under visible light irradiation after extensive wetting either in water or a 
sulfuric acid electrolyte. The capacitance up to 450 F/g was measured in spite of a relatively low 
surface (<850 m2/g). The surface chemistry, and especially sulfur and nitrogen containing 
functional groups, were found of paramount importance for the capacitive behavior and for the 
effective pore space utilization by the electrolyte ions. Photocurrent measured in light also 
affects the capacitance. Its generation is linked to the excitation of sulfonic/sulfoxide 
chromophores-like moieties decorating the surface of the polymer-derived carbons. 
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 1. Introduction 
A need to develop new, nonconventional sources of energy driven by environmental 
sustainability has led to an extensive research on the development of new materials being able to 
efficiently store energy. Efficiently here means with a high gravimetric and volumetric 
capacitances and with high energy and power densities. During the last decade numerous original 
research papers and reviews have been published analyzing the factor governing these features 
[1-10]. Generally two types of materials have been considered: carbon based supercapacitors [1-
8] and metal oxides based redox type capacitors [10, 11]. To increase the performance the 
composites of both types of materials have been also considered [9-12]. 
 
In the case of carbon-based supercapacitors electrical double layer of ions on the surface has 
been identified as the main mechanism of charge storage [6, 13-17]. The advantage of these 
materials is in their high porosity and therefore in a developed surface area promoting electrical 
double layer capacitance (EDLC). It has been demonstrated that for charge storage the pores 
similar to sizes of electrolyte ions, generally smaller than 0.7 nm, are of paramount importance 
[13-15, 17].  EDLC is also affected by the wettability of the carbon [17-20], its conductivity [17, 
19, 20], and other electric properties of carbons such as surface charge delocalization [7, 14]. All 
of these affect the utilization of the pore space for EDL of ions and thus the efficiency of a 
charge storage. It has been demonstrated that the electrochemical capacitance can be high for the 
carbon with a relatively low volume of pores smaller than 0.7 nm owing to the right combination 
of important surface features [17, 20]. 
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Another aspect of the capacitive performance of carbon-based materials is the pseudocapacitance 
originated from Faradaic reactions on the functional groups located in the pore system. Those 
groups consist of heteroatoms incorporated to a carbon matrix at various configurations. So far 
the main attention of the researchers has been focused on oxygen and nitrogen functionalities and 
specifically quinone/hydroquinone [16], pyrrole and pyridinic nitrogen [21, 22]. Quaternary-N 
and pyridinic-N-oxide were shown as affecting an electron transfer through the carbon matrix 
[22] and phosphorous groups were found as increasing the stability of supercapacitors at high 
operation voltage in acidic electrolytes [23]. All these groups, owing to their geometry, rather 
exist in pores larger than 1 nm, therefore larger micropores and mesopores, besides being 
transport channels for an ion transfer, also actively participate in a capacitive performance. 
Recently, the importance of sulfur containing groups such as sulfones and sulfoxides for 
pseudocapacitance has been pointed out [3, 8, 24, 25]. Moreover, on sulfur doped carbon, sulfur 
can be present in aromatic rings of the graphene layers and thus in pore walls as their defective 
sites affecting the charge on the carbon atoms and attracting more ions via EDLC [8, 25-27]. 
 
Those mentioned above properties of heteroatoms led to an investigation of S- and N- doped 
carbons as supercapacitors. So far studies of these chemically heterogeneous materials have been 
in the initial stages and such factors as change in the charge density profiles due to different 
electronegativities of sulfur and nitrogen atoms than carbon [26], changes in polarizability [26], 
redox reactions of sulfones and sulfoxides [8, 24, 25] and photoactivity of sulfur functionalities 
[28] were indicated as affecting the charge storage mechanism on these materials. As the 
objective of this paper we have chosen to investigate three important aspects of a supercapacitor 
performance. The first aspect focuses on studying the effect of the S- and N- containing groups 
 5 
incorporated to the carbon surface on the capacitive performance. Here, based on the fact that S-
doped reduced graphite oxides or carbons have been found to be promoting oxygen reduction 
reactions [26, 27, 29], we focus the investigation on identifying the contribution of these groups 
for visible light (VL) induced Faradaic reactions, which might increase the overall capacitive 
performance. The investigation of this visible light effect is the second objective of this research. 
The third stream of our study addresses an aspect of extensive wetting in an electrolyte and the 
changes it can bring to the carbon surface. Even though the importance of wetting for pore 
accessibility has been pointed out [17, 20], the changes to the carbon caused by this process have 
not been taken into consideration. 
   
 
2. Experimental 
2.1. Materials 
Two independent sets of carbons were studied. The first set are based on a carbon, denoted 
henceforth by C-A, that was derived from carbonization of Poly(4-ammonium styrene-sulfonic 
acid) in nitrogen at 800 oC for 40 min (N2 flow rate of 300 mL/min and heating rate of 50 
oC/min). The second set are based on a carbon obtained from carbonization under the same 
conditions as C-A of a 1:1 mixture of 30% solution of Poly(4-ammonium styrene-sulfonic acid) 
and Poly(4-styrenesulfonic acid-co-maleic acid) sodium salt, denoted as C-B. Oxidized versions 
of these two carbons, denoted as C-AO and C-BO, were obtained by heating them in air at 350 
oC for 3 hours.  
2.2. Methods 
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2.2.1. Electrochemical measurements: Prior to electrochemical measurements in order to avoid 
polarization of the working electrode, the electrodes were wet in distilled water or in sulfuric 
acid (1 M) for 72 hours. Then the open circuit potential (OCP) vs. Ag/AgCl was recorded in 1 M 
H2SO4. The constant value indicated the wetting of the entire surface. Then the cyclic 
voltammetry (CV) were run in a very narrow potential window (from 0.2 V to -0.2 V) to confirm 
a lack of changes in CV with an increase in the number of cycles (an example of OCP and CV 
are presented on Figure S1 of Supplementary Information). Photoelectrochemical measurements 
were carried out in 1 M H2SO4 in a three-electrode cell, a Pt wire counter electrode, and a 
saturated Ag/AgCl (3M KCl) reference electrode. For the preparation of the electrode a slurry of 
the non-oxidized or air oxidized carbon, polyvinylidene fluoride (PVDF) and a carbon black 
conductive additive (ratio 80:10:10) in N-methyl-2-pyrrolidone (NMP) was coated on a Ti foil 
collector with an active area of 1 cm2. The electrodes were dried in air at 120 ºC. A solar 
simulator (Solar Light Co., INC, XPS-150TM) with a 420 nm cut-off filter was used as 
irradiation source. A VersaSTAT MC (Princeton Applied Research) electrochemical workstation 
was employed for recording the electrochemical behavior. The transient of photocurrent was 
obtained under a constant bias potential between 0.6 and -0.2 V vs. Ag/AgCl under on/off 
illumination. Dark current equilibrium at the applied potential was allowed before the irradiation. 
The values of the specific capacitance (F/g) were estimated by cyclic voltammetry (scan rate of 
potential 5 mV/s). The specific capacitance was calculated according to the Equation: 
C = Q/(ΔE*m)  (1) 
where Q is the charge obtained after integrating the voltammogram, m is the total mass of 
electrode, and ΔE is the potential window.  
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The materials consisting of built electrodes (active material + PVDF + carbon black) have E 
added to their names. After CV and chronoamperometry run under on/off illumination in three 
electrode cell they are referred to with the letter U. The initial carbon materials after wetting in 
sulfuric acid (1 M)  are referred to with suffix “H2SO4” . 
2.2.2. Surface characterization: Sorption of nitrogen at -196 oC was carried out using an ASAP 
2020 (Micromeritics, Surface Area and Porosity Analyzer) on the active materials/carbons. 
Before the experiments, samples were out-gassed at 120 oC to constant vacuum (10-4 Torr). The 
surface areas (BET method), total pore volumes, Vt, (from the last point of isotherm at relative 
pressure equal to 0.99), volumes of micropores, volume of pores less than 0.7 nm and 1 nm, 
V<0.7nm and V<1nm, mesopore volumes along with pore size distributions were calculated from the 
isotherms. The last four quantities were calculated using Density Functional Theory, DFT [30].  
2.2.3. X-ray diffraction (XRD): XRD measurements were conducted on the active carbon 
components of the electrodes using standard powder diffraction procedures analyzed by CuKα 
radiation (40 kV and 40 mA) generated in a Phillips X’Pert X-ray diffractometer. The scan rate 
used was 2.3 deg/min. 
2.2.4. Raman spectroscopy: Raman spectra were collected on a Princeton Instruments Acton 
2750 SpectroPro 0.750 m Triple Grating Monochromator fitted with an Olympus BX-51 
microscope and 100 × objective using a 514.5 nm Argon-ion laser with a 1200 gr/mm grating. 
The laser power used was 3 mW at the stage. All reported spectra underwent baseline correction 
to remove fluorescence contamination and 5-point adjacent averaging smoothing. The 
experiments were done on the powdered samples deposited on a silicon wafer. 
2.2.5. X-Ray Photoelectron Spectroscopy (XPS): The XPS measurements on the materials of the 
electrodes( (non-oxidized (C-B) and air oxidized (C-AO) carbons): initial, after wetting in water 
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(denoted as “w”) and H2SO4 (denoted as “a”) and after running CV and chronoamperometry 
under on/off illumination experiments) were carried out on a Kratos Axis-Ultra spectrometer, 
using a monochromatic Al Kα source (1487 eV) operating at 15 kV and 14 mA, 10−8 Pa vacuum 
in the analyser chamber and an analysis spot size of 300×700 μm. Spectrometer pass energy of 
40 eV was used for all elemental spectral regions, whilst 160 eV pass energy was used for the 
survey spectra used for surface atomic concentration calculation. The binding energy scale of 
spectrometer was calibrated using the metallic Cu 2p3/2 and Cu 3p3/2 lines and Au Fermi Edge of 
the respective reference metals. All measurements were performed at a take-off angle of 90°. The 
CasaXPS (version 2.3.5) and Multipack software was used to fit photoelectron spectra. Many 
organic materials, and their surfaces, contain species that are sensitive to prolonged X-ray 
exposure, particularly under ultra-high vacuum conditions. In all analyses presented in this study, 
the sample stage temperature was reduced to less than -120 oC using a liquid nitrogen cooling 
system. This has been shown to preserve the chemical environment of matrix and adsorbed 
elements for periods far longer than data collection times [31], even with X-ray intensities 
experienced on synchrotron sources [32]. 
2.2.6. Fourier transform infrared (FT-IR) spectroscopy: FTIR was carried out on the active 
carbon components of the electrodes using a Nicolet Magna-IR 830 spectrometer using the 
attenuated total reflectance (ATR) method. The spectrum was generated and collected 64 times 
and corrected for the background noise. The experiments were done on the powdered samples, 
without KBr addition. 
2.2.7. Potentiometric titration: Potentiometric titration measurements were performed on the 
active carbon components of the electrodes with a 888 Titrando automatic titrator (Metrohm). 
The details on the experiments are presented in Reference [22]. The experimental data were 
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transformed into a proton binding curves, Q, representing the total amount of protonated sites. 
From them the pKa distributions and the numbers of groups represented by certain pKa values 
were calculated [33, 34]. 
2.2.8. Thermal analysis-mass spectrometry (TA-MS): Thermogravimetric (TG) curves were 
obtained using a TA instrument thermal analyzer (SDT Q 600), which was connected to a gas 
analysis system (OMNI StarTM) mass spectrometer. The active carbon components were heated 
up to 1000 oC (10 oC/min) under a constant helium flow (100 mL/min). From the TG curves, 
differential TG (DTG) curves were derived. The composition of gases was evaluated by MS and 
gas evolution profiles as a function of temperature were obtained. 
2.2.9. High-resolution transmission electron microscopy (HR-TEM): HR-TEM was performed 
on the active carbon components of the electrodes on a JEOL 2100 LaB6 instrument operating at 
200 kV. Analyses were performed after the carbon samples were resuspended in ethanol. 
 
3. Results and discussion 
3.1. Characterization of the nanoporous carbons 
The surface properties of the active carbon components of the electrodes are summarized in 
Tables 1-3 and in Figure 1. The measured nitrogen adsorption-desorption isotherms are collected 
in Figure S1 of Supplementary Information The porosity data collected in Table 1 show C-A as a 
nonporous carbon and C-B as a material of low porosity.. After air oxidation at 350 oC the 
porosity significantly increased and C-A is more susceptible for activation with oxygen than C-B. 
After this process micropores, especially pores smaller than 0.7 nm, are formed. These pores 
have been indicated as important for the capacitive performance [17, 20]. 
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Table 1. The parameters of porous structure calculated from nitrogen adsorption isotherms for 
the initial active carbon materials and those wetted with sulfuric acid. 
Sample 
SBET 
(m2/g) 
Vt 
(cm3/g) 
Vmeso 
(cm3/g) 
V<0.7nm 
(cm3/g) 
V<1nm 
(cm3/g) 
Vmic(DFT) 
(cm3/g) 
C-A 38 0.022 0.021 0.000 0.000 0.001 
C-A-H2SO4 14 0.032 0.031 0.000 0.000 0.001 
C-AO 727 0.363 0.103 0.150 0.184 0.260 
C-AO-H2SO4 708 0.366 0.095 0.152 0.193 0.271 
C-B 290 0.157 0.062 0.036 0.059 0.095 
C-B-H2SO4 182 0.141 0.078 0.000 0.023 0.063 
C-BO 847 0.458 0.149 0.181 0.239 0.309 
C-BO-H2SO4 846 0.466 0.135 0.197 0.258 0.331 
 
The contents of elements on the surface of the active components obtained from XPS are listed 
in Table 2. The results of deconvolution of C 1s, O 1s, N 1s and S 2p core energy levels are 
summarized in Table 3. The results show that the C-B sample has more nitrogen and sulfur than 
C-A does. After activation the content of oxygen on the surface doubles for the later sample and 
stays constant on the former one. Comparison of the results after deconvolution of C 1s and O 1s 
core energy levels for C-A and C-B, which have similar contents of carbon and oxygen, shows 
that the latter has more carboxylic and ether groups (Table 3). A significant content of oxygen in 
the former sample is in sulfur-oxygen compounds. This is consistent with the results of the 
deconvolution of S 2p core energy levels for these two samples (Figure 1), which show higher 
contributions of sulfoxides/sulfones and sulfonic acids on the surface of C-A than those on C-B. 
On the other hand, C-B has much more bisulfides/sulfides and thioethers. After air activation the 
contributions of bisulfides/sulfides and thioethers increase significantly, especially for C-AO 
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with a marked decrease in sulfoxides and sulfones for both samples. Analysis of the O 1s core 
energy levels suggests that oxygen in carboxyl/carbonyl groups increases for both samples and 
for C-BO an increase in the contribution of thioethers is also found. The main differences in the 
distribution of nitrogen species derived from the deconvolution of N 1s core energy levels 
(Figure 1, Table 3) is in the amount of pyridine and pyridine-N-oxide. While the former species 
are predominant in C-B, the latter are in a larger quantity in the C-A sample. After oxidation the 
distribution of nitrogen species is quite similar for both samples with the predominance of 
pyrrolic/pyridine and pyridone nitrogen on the surface. Of course, the effects of Faradaic 
reactions of these nitrogen groups [21, 22, 35] and their electronic properties on the electron 
transfer [21] for the overall capacitance should be the most important for the C-B series of 
samples owing to twice as much nitrogen on the surface than on the surfaces of the C-A series of 
samples. 
  
Table 2. Content of elements on the surface (in at. % from XPS analysis). 
Sample C O N S 
C-A 87.8 8.6 1.3 1.7 
C-AO 81.4 16.6 1.2 0.7 
C-B 86.0 9.3 2.4 2.4 
C-BO 87.3 9.3 2.6 0.9 
 
 
 
 
Table  3. The results of deconvolution of C 1s, O 1s, N 1s and S 2p core energy levels. 
Energy, eV  Bond assignment C-A C-B C-AO C-BO 
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C 1s      
284.8 C-(C, S) (graphitic carbon)  77.9 71.0 68.0 66.7 
286.3 C-(O, N, S, H) (phenolic, alcoholic, etheric) 13.7 14.2 16.0 16.0 
287.6 C=O (carbonyl or quinone) 5.3 5.7 7.7 6.7 
289.2 O-C=O (carboxyl or ester) 3.0 6.0 4.9 6.6 
291.0 π−π* ND 3.0 3.3 4.0 
O 1s      
531.5 O=C/O=S (in carbonyl/quinone or 
sulfoxides/ sulfones) 40.9 40.7 43.6 48.5 
533.6 O-C/O-S (in phenol/epoxy or 
thioethers/sulfonic) 51.5 40.0 49.9 47.1 
535 -O- (in carboxyl, water or chemisorbed 
oxygen species) 7.6 19.3 ND 4.4 
536.3 adsorbed water or oxygen, C=O (occluded 
CO or CO2) 
ND ND 6.5 ND 
N 1s      
398.7 N-6 (in pyridine) 20.4 26.8 29.0 31.0 
400.2 N-5 (in pyrrolic/pyridone and azo nitrogen) 30.5 30.0 42.9 39.6 
401.5 N-Q (in quaternary) 35.9 35.3 23.9 24.1 
403.1 N-X (in pyridine-N-oxide) 13.2 8.0 4.2 5.3 
S 2p3/2      
163.9 R-S-S- (in thiol, bisulfides configuration) 40.4 63.7 81.4 73.2 
165.1 C-S-C/R-S2-OR (in sulfides and thioethers) 6.4 10.3 6.7 15.6 
167.3 R2-S=O/R-SO2-R (in sulfoxides, sulfones) 19.6 11.6 7.5 9.4 
168.8 R-SO3H/SO42- (in sulfonic acids, sulphate) 32.7 14.3 4.4 2.9 
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Figure 1. N 1s and S 2p core energy levels. 
 
The result of TA analyzes and the mass spectra for the initial active carbon components are 
collected in Figures 2 and 3. They show the changes in the chemistry of our samples. As seen on 
DTG curves, treatment of the initial carbons at 350 oC removes the low temperature 
decomposing groups, which are in the case of carbons considered as the most acidic ones, and 
creates a significant number of groups decomposing between 400 and 800 oC. Based on the 
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chemistry of the carbon precursors and XPS results and for the clarity of discussion, the mass 
spectra thermal profiles chosen for analysis are those at m/z 44, 28, 48, 64, 18, 17 and 16. They 
can be linked to CO2, CO/N2, SO, SO2, H2O, NH3 or OH and NH2 or O, respectively. The 
thermal profiles of m/z 17 and 16 exhibit two distinctive features. The first occurs at 
temperatures below 100 °C and is attributed to loss of adsorbed water. The second occurs at 
around 190 °C and besides water a thermal decomposition of nitrogen-containing functionalities, 
amines/amides might contribute to it. As seen for the C-A series, activation resulted in a 
disappearance of the sulfoxides, sulfones and sulfonic acids decomposing at about 260 oC [24]. 
At this temperature, also carboxylic acids [36] and amines/amides [37] decompose. In the 
activated sample, C-AO, NH2, CO and CO2 are removed from stable pyrroles/pyridones, 
quinones, carbonyls and ethers between 400 and 800 oC [36, 38]. The sulfur species, if present, 
are not detected or do not decompose at the experimental thermal analysis window. On the 
surface of C-B there are much more sulfonic acids/sulfoxides and sulfones than on that of C-A. 
The removal of NH3 at low temperature has also more complex pattern clearly indicating various 
groups releasing this species as a result of reduction processes. After air activation the profiles of 
nitrogen containing species at low temperature still show intense signals and, as in the case of C-
AO a signal from sulfur species has a very low intensity. These results clearly show that air 
activation at 350 oC significantly affects the speciation of sulfur compounds present on the 
surface of our materials. Apparently more nitrogen than sulfur should be present on the surface 
of activated carbon samples than that of non-activated. 
 
 15 
 
Figure 2. TA and mass spectra thermal profiles for the C-A series of carbons. A) - initial, B) - 
after wetting in sulfuric acid (multiplication factor: MW-16 x 7; MW-17 x 3; MW-18 x 1; MW-
28 x 1; MW-44 x 5; MW-48 x 50;  MW-64 x 11). 
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Figure 3. TA and mass spectra thermal profiles for the C-B series of carbons. A) - initial, B) - 
after wetting in sulfuric acid (multiplication factor: MW-16 x 7; MW-17 x 3; MW-18 x 1; MW-
28 x 1; MW-44 x 5; MW-48 x 50;  MW-64 x 11). 
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The synthesized carbons have a some level of graphitization, which is seen on XRD diffraction 
patterns and Raman spectra (Figure 4), and on the HR-TEM images (Figure 5). G and D bands 
are clearly visible at 1590 cm-1 and 1360 cm-1, respectively. A higher disorder of initial carbons 
is represented by the broader G band and higher relative intensity of the D band in comparison 
with that of the G band. As seen, after oxidation at 350 oC the ID/IG ratio (0.89 for C-AO and 
0.88 for C-BO) decreased compared to the initial materials. This might be related to the removal 
of amorphous carbon impurities. The narrow G band suggests the presence of some ordered 
graphitic-like units in these carbon materials [39]. In the HR-TEM images the well defined 
“dots” of 5-10 nm of graphitic domains are visible. 
  
 
Figure 4. A) X-Ray diffraction patterns and B) Raman spectra. 
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Figure 5. HR-TEM images. 
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3.2. Capacitive performance and the effect of wetting 
Since the full accessibility of an electrode pore system to electrolyte ions is of paramount 
importance for the stability of a capacitor, and owing to the fact that we use the water solution of 
sulfuric acid, the built electrodes were soaked either in the electrolyte or in distilled water for 72 
hours before the experiments were run either under solar irradiation or in dark. Prior to cyclic 
voltammetry (CV) measurements the open circuit potentials (OCP) vs. Ag/AgCl were recorded 
in 1 M H2SO4. Constant values of OCP were accepted as indicators of the entirely wet surface. 
Then the CVs were run in a very narrow potential window (from 0.2 V to -0.2 V) with gradual 
increase of the potential range (0.2 V) to avoid polarization of the electrode. The cyclic 
voltammetry experiments confirmed the stability of the system (Figure S2 of Supplementary 
Information).  Even after wetting with water the stability of the samples in the electrolyte was 
reached very quickly owing to the initial acid concentration gradient in the system and thus a fast 
movement of ions to the pores filled with the solvent. Obtained CV curves are compared in 
Figure 6. As seen, there are significant differences in the shapes of the curves between C-A and 
other carbons. Especially C-B shows the clear rectangular shape after wetting in water indicating 
the capacitive performance. The initial carbon C-A and C-B, on the other hand, and air oxidized 
carbon (C-AO) shows the charge transfer limitations after wetting in sulfuric acid. This might be 
related either to limitation in pore accessibility (for C-A) or a decrease in the conductivity of 
carbon matrix owing to the incorporation of more oxygen as a result of air activation (for C-AO). 
Another significant feature is the presence of the redox humps at 0.38 V vs. Ag/AgCl on the 
rectangular curves obtained after equilibration in water and in the electrolyte. These are linked to 
Faradaic reactions on the functional groups of carbons such as quinones [16]. The surface 
chemistry aspect is addressed later in this paper. 
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Even though the effect of light  exposure is hardly seen on the overall CV curves owing to the 
good capacitive performance, the magnification of the curves presented in Figure 6 shows the 
peak at about 0.12 – 0.15 V vs. Ag/AgCl, which appears only under solar light irradiation. This 
suggests the occurrence of a reduction reaction promoted by visible light (VL). That peak is 
especially visible for the C-B and C-BO carbon samples after wetting in sulfuric acid. The 
presence of this peak is linked to the oxygen reduction reaction [40, 41]. To confirm this, the CV 
experiments were run in the electrolyte without oxygen in dark and under VL conditions (purged 
with nitrogen) and the hump at 0.12 – 0.15 V vs. Ag/AgCl was not detected (Figure S3 of 
Supplementary Information). Besides that, the broadening of the CV curves is seen in the 
potential window from 0.3 V to -0.2 V upon visible light illumination.   
 
 21 
   
Figure 6. The CV curves measured after wetting in water (A) and in sulfuric acid (B) at the scan 
rate of 5 mV/s in dark - D and under visible light - VL exposure. 
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The calculated capacitance values are collected in Table 4. The capacitance is especially high 
after wetting in water. Exposure to visible light results only in a small, but consistent increase in 
the performance and that increase is more pronounced after wetting in sulfuric acid. Wetting in 
the electrolyte resulted in 35 % and about 50 % decrease in the performance for the initial C-B 
and C-A carbons, respectively, in comparison with the results obtained after wetting in water. 
For C-AO the decrease in the capacitance is 25 %. On the other hand, in the case of C-BO a 
slight increase is noticed after wetting in sulfuric acid in comparison with wetting in water. The 
trend observed for the initial carbons is quite interesting because an extended treatment with 
sulfuric acid in the case of the carbons whose active sites are unsaturated with oxygen would 
result in surface oxidation. This effect might influence the discussion of the mechanism of the 
charge storage, for which the actual surface chemistry and porosity of carbons should be taken 
into consideration. That possible addition of new surface functional groups, especially when 
pores are very small, would cause pore blocking and kinetic limitations for the electrolyte ions to 
enter them. The pseudocapacitive performance could be also affected. Owing to these factors, the 
surface of the active carbon materials exposed to H2SO4 wetting has been analyzed in details. 
 
It has to be mentioned here that the capacitance values measured for our carbons are higher than 
those measured on nitrogen doped microporous carbons (306 F/g in 2 M H2SO4) [42], 
mesoporous carbons (182 F/g in 1 M H2SO4) [43], sulfur doped carbons (206 F/g in 2 M H2SO4 
and 191 F/g in 6 M KOH) [4, 24] and recently addressed S- and N- doped carbons. On the latter 
ones the values reaching 140 F/g in 1 M H2SO4 [44], 320 F/g in 2 M KOH [45], 264 F/g in 6 M 
KOH [46] have been reported. 
 
 23 
Since the initial carbon C-A can be considered as nonporous with no volume in pores smaller 
than 1 nm, the specific capacitance of about 90 F/g measured on it indicates that its surface 
chemistry must be a crucial factor. The importance of surface chemistry is also seen in the fact 
that no dependence of the capacitance on the volume of micropores or ultramicropores was 
found for the materials tested. Therefore the details on the nature of surface chemical 
functionalities on the carbons tested should be analyzed. 
 
 Table 4. The specific capacitance values (in F/g) measured after wetting in water or sulfuric 
acid in dark or under visible light before and after chronoamperometry response upon on/off 
illumination. 
Sample Dark/Wet in H2O  
Light/Wet in 
H2O  
Dark/Wet in 
H2SO4 
Light/Wet in 
H2SO4 
Before chronoamperometry response 
C-A 89 95 46 51 
C-AO 450 455 337 344 
C-B 294 302 179 191 
C-BO 365 369 382 390 
After chronoamperometry response 
C-A 140 145 105 109 
C-AO 462 464 348 353 
C-B 298 303 229 236 
C-BO 368 370 392 395 
 
 
The potentiometric titration results for the active carbon materials are presented in Table 5. As 
seen, based on the average pH values, the acidity of the carbons significantly differs and the C-A 
sample is the least acidic and C-B - the most acidic one among the carbons studied. After 
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oxidation in air the C-BO became less acidic than its initial counterpart, even thought the total 
number of acidic groups increased. Apparently, some strong acids were removed from the 
surface. On the other hand, on the surface of C-A after oxidation a six fold increase in the 
number of acidic groups was found with the formation of strong acid sites. Even thought the 
acidic groups are not really expected to contribute to pseudocapacitance in a reversible way, they 
were indicated as important for wetting of the carbon surface and increasing the accessibility of 
the pores for electrode ions [17]. Thus they can influence the capacitance indirectly. Interestingly, 
when plotting the dependence of the specific capacitance on the number of acidic groups, only 
for the samples wetted in water a good linear dependence was found (Figure 7). For the samples 
wetted in H2SO4 the deviations from linear trend exist owing to possible oxidation reactions and 
thus an in situ improvement in the wettability. Thus one reason for the small capacitance of the 
C-A samples might be in a limited access of the electrolyte to the pores. As shown before, the 
small pores, which are the most important sites for EDLC, do not exist in this sample. Moreover, 
the water-repelling surface in larger pores (small number of acidic groups) does not have a 
positive effect on the charge storage. 
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Table 5. Potentiometric titration results. The number of groups in mmol/g at each pH values is 
given in parenthesis. (The pH value in the second column is the initial pH of the carbon 
suspension used for the titration experiment). 
Sample pH pKa 3-4 pKa 4-5 pKa 5-6 pKa 6-7 pKa 7-8 pKa 8-9 pKa 9-10 pKa 10-11 All 
C-A 5.48    6.07 (0.053)   
9.50 
(0.088)  0.141 
C-A-H2SO4 5.92    
6.27 
(0.092)   
9.22 
(0.092)  0.184 
C-AO 3.53  4.40 (0.151) 
5.23 
(0.099) 
6.37 
(0.224) 
7.42 
(0.221) 
8.48 
(0.146) 
9.08 
(0.152) 
10.20 
(0.374) 1.367 
C-AO-H2SO4 3.49  
4.58 
(0.212) 
5.93 
(0.187) 
6.83 
(0.197) 
7.65 
(0.190) 
8.84 
(0.305)  
10.21 
(0.591) 1.682 
C-B 2.98  4.24 (0.108) 
5.12 
(0.048) 
5.96 
(0.160) 
 7.31 (0.128) 
8.99 
(0.135)  
10.11 
(0.142) 0.721 
C-B-H2SO4 3.08  
4.42 
(0.170)  
6.05 
(0.188) 
7.74 
(0.183)  
9.33 
(0.148) 
9.98 
(0.220) 
 0.909 
C-BO 4.03 3.08 (0.075) 
4.24 
(0.066) 
5.20 
(0.094) 
6.54 
(0.143) 
7.50 
(0.165) 
8.86 
(0.143)  
10.13 
(0.299) 0.985 
C-BO-H2SO4 4.35  
4.35 
(0.145) 
5.70 
(0.122) 
6.75 
(0.192) 
7.86 
(0.108)  
9.01 
(0.194) 
9.66 
(0.056) 
10.33 
(0.396) 1.213 
 
 
Figure 7. Dependence of the specific capacitance on the number of acidic groups present on the 
carbon surface.   
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3.3.Surface chemistry 
The detailed analysis of surface chemistry of the active carbon components of the electrodes in 
conjunction with the measured capacitive performance suggests that the high capacitances of our 
samples, in spite of the relatively low surface areas, are owing to the effects of the co-doped 
functional groups containing nitrogen and sulfur [26, 44-46]. The latter should be especially 
important for the C-A sample of negligible porosity. Its high content of sulfoxides and sulfones 
results in reversible Faradaic reactions leading to the formation of hydroxylated sulfoxides and 
sulfoxides, respectively [24]. 
 
The presence of graphitic units should help with the fast electron transfer through the carbon 
matrix. A decrease in the capacitance after H2SO4 wetting could be caused by oxidation of these 
species by sulfuric acid and formation of bulky sulfonic groups which do not undergo Faradaic 
reactions and which can block the access of ions to the surface. On the other hand, over 80 % of 
sulfur on the surface of C-AO is in the reduced form as bisulfides, which might exist in the 
aromatic rings in the small pores and thus bring the positive charge to the neighboring carbon 
atoms [8, 25-27]. This can explain the highest capacitance measured on this carbon after wetting 
in water. That positive charge might increase the pore space utilization for sulfate ions [8, 47]. 
These reduced sulfur species could be oxidized by sulfuric acid resulting in the change of 
electronic properties. 
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Indeed, as hypothesized above, wetting in sulfuric acid resulted in small but distinctive changes 
in chemistry. Even though on DTG curves only slight changes are seen for all carbons (Figures 2 
and 3), the comparison of the m/z thermal profiles shows an increase in the intensity of the 
signals assigned to the decomposition of oxygen groups (CO-28 and CO2-44) and sulfur groups 
as SO2 (m/z 64). Distinctive changes are also seen on the profiles for m/z 16, 17 and m/z 28 where 
after oxidation these species decompose in a low temperature range. This might be related to an 
increase in the level of oxidation of nitrogen functionalities. Interestingly, in the case of C-B a 
small decrease in the intensity of the m/z 64 thermal profile is noticed suggesting less sulfones on 
the surface. In the case of C-BO an opposite effect was found. Oxidation of surface and less 
sulfones can explain the decrease in the capacitance measured after wetting in sulfuric acid 
compared to the value measured in water. For C-A after sulfuric acid wetting a dramatic decrease 
in the intensity of the m/z 28 is found. For the initial sample this could be related to the oxidation 
of quinones, which are usually considered as a source Faradaic reaction. Analyzing this sample 
we have to take into account its small surface area, so even though the amount of some redox 
active groups could increase after wetting (m/z 64), blocking of the small but still existing 
volume of pores, which could be initially active in EDLC, could result in about 50 % decrease in 
the electrochemical capacitance after sulfuric acid wetting. 
 
The thermal analysis results combined with mass spectra profiles are in good agreement with 
those from potentiometric titration experiments (Table 5). For all samples after sulfuric acid 
wetting an increase in the number of acidic groups is found. Interestingly, the average surface pH 
increased for all samples but C-AO (practically unchanged), which we link to decomposition of 
the strongest acidic groups, likely sulfonic acids. As a result of H2SO4 oxidation, oxygen 
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containing acidic groups are formed on the surface and the results suggest that they are phenolic 
in their nature. 
  
The surface oxidation during sulfuric acid wetting of the active carbon materials is also seen on 
the FTIR spectra (Figure 8).  After wetting the intensity of the band related to C=O vibrations 
increased, especially for C-AO sample.  The effects of oxidation are especially visible for bands 
at 1720 cm-1, 1560 cm-1, 1070 cm-1 and 730 cm-1 which are characteristic of stretching vibrations 
of carbonyl functional groups band C=O in carboxylic acids, conjugated carbonyl and 
carboxylate groups [48], C-O and S=O from sulfonic groups [48, 49], respectively. The complex 
band at 1560 cm-1 can be also linked to amide groups [50]. 
 
Figure 8. FTIR spectra for the initial and wetted in 1 M H2SO4 carbon samples. 
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Support for the hypothesized above changes/limitations in the pores accessibility after H2SO4 
wetting are the results of the porosity measurement. As seen from Table 1, the surface area 
accessible for nitrogen molecules decreased most drastically for the C-A and C-B initial samples 
after acid wetting. This is owing to the deposition of functional groups at the pore entrances, 
and/or collapsing of some pores, which results in a significant decrease in EDLC, even though 
that capacitance when the pores are accessible cannot be considered as high due to the very 
limited volume in small pores. 
 
The presented above results addressed the surface chemistry of the active carbon component, not 
the one of the real electrodes. Taking into account how the electrode are made by grinding with 
the binder (10 wt. %) and carbon black (10 wt. %) the real surface of the electrode materials can 
differ from that of the active carbon components. Since the pronounced decreases in the 
performance after wetting are found for C-B and C-AO, the electrodes made of those samples 
were arbitrary chosen for the detailed analysis of their surface chemistry as a result of applied 
wetting. The contents of elements on the surface and the results of the deconvolution of the C 1s, 
O 1s, N 1s and S 2p are collected in Table S1-S5 of Supplementary information. The high 
content of fluorine is related to the presence of the PVDF as binder.  It results in a decrease in the 
relative content of all elements, especially sulfur. After wetting of C-AOE either in water or in 
sulfuric acid, the total content of elements on the surface is not markedly changed. Nevertheless, 
an increase in the fluorine content with a stable content of other elements suggests a slight 
oxidative effect. This trend is in agreement with the TA/MS and potentiometric results and it is 
linked to the saturation of the active centers of this carbon with oxygen during air activation. 
More pronounced changes after wetting, consistent with the results of potentiometric titration 
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and TG/MS are seen for the C-BE where the content of oxygen increased about 25 % after 
wetting in acid. For this carbon the amount of acidic groups increased 26 % (Table S1 of 
Supplementary Information). A decrease the content of nitrogen and an increase the content of 
sulfur are also noticed. Interestingly, the same trends but much less marked are seen after wetting 
this sample in water suggesting that even in water some oxidizing agents are present. These 
agents can be only OH radicals formed as a result of photoactivity of this carbon [51] since the 
experiments were done under ambient light.   
 
Detailed information can be derived from the deconvolution of C 1s, O 1s, N 1s and S 2p core 
energy levels (Figures 9 and 10). Based on C 1s, for C-AOE wetting in acid results in oxidation 
of some phenolic and alcoholic groups to carboxylic acids. For C-BE the reduction of oxygen in 
carboxylic acids, carbonyl and quinones is found with an increase in phenols, alcohols and 
etheric species. For C-BEa the presence of the high energy contribution at 293.5 eV is found. 
This is a very specific contribution not detected in the other carbons and we link it to the 
presence of fluorine incorporated to the aromatic rings of the carbon matrix [52]. This suggests 
that the surface reactivity of C-B carbon in the presence of strong sulfuric acid is able to affect 
the chemistry of PVDF binder. Even though PVDF is commonly considered as very inert, the 
studies have been reported on the acceleration of its chemistry under certain conditions. Thus in 
the presence of lithiated graphite the hydrodefluorination of PVDF was reported which 
questioned its application as a binder for lithium batteries electrodes [53]. Defluorination of 
PVDF in the presence of amines has been also reported [54]. Therefore, it possible that in the 
complex system of the C-B carbon defluorinaton takes place and releases HF that in turn reacts 
with the edges of carbon layers. Support for this is the deconvolution of F 1s core energy level 
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for this sample which show two contributions: at 687.9 eV (74.70 %) and at 690.8 eV (25.30 %) 
(Figure S4 of Supplementary Information). While the first one is related to F-C bonds the second 
represents C-F in aromatic rings [55] 
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Figure 9. C 1s, O 1s, N 1s and S 2p core energy levels for the air oxidized carbon (C-AO). 
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Figure 10. C 1s, O 1s, N 1s and S 2p core energy levels for the initial carbon (C-B). 
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Changes in O 1s for C-AOE (Figure 9) suggest that both, acid and water wettings led to a 
decrease in the contribution of oxygen in carbonyls, ethers and sulfoxides/sulfones and an 
increase in phenolic/epoxy, thioethers and sulfonic groups. This indicates oxidation of sulfur 
species. Interestingly this effect is especially visible after wetting in water. This is supported by 
changes in S 2p core energy level where a marked decrease in the contribution of 
sulfoxides/sulfones and an increase in sulfonic acids are found after water wetting. Wetting with 
sulfuric acid, on the other hand, significantly oxidizes thioles and bisulfides to sulfoxides and 
sulfonic acids. Moreover, SO42- ions should be present in the pore system as a result of their 
adsorption from electrolyte. The deconvolution of O 1s core energy level also shows an increase 
in the contribution of sulfonic acids after acid wetting. Deconvolution on N 1s core energy level 
for C-AOE shows that after wetting in water protonation of amines occurs (an intensity decrease 
at 399.1 eV and an intensity increase at 401.4 eV [38]) accompanied  by an increase in the 
contribution of pyridine  N-oxide. Even though quaternary nitrogen has the binding energy the 
same as protonated amines [38], we do not expect an incorporation of more nitrogen into 
aromatic ring as a result of the treatment applied. The contribution of the protonated amines also 
increases after wetting with acid.  
The deconvolution of O 1s core energy level for C-BE confirms the removal of some carboxylic 
acids and formation of a significant amount of phenols/epoxy, ethers and sulfonic groups on the 
surface (Figure 10). An important feature of C-BE, which is going to be discussed later, is the 
presence of a marked amount of oxygen adsorbed on the surface of this electrode. The 
deconvolution of S 2p for C-BE shows that sulfur on the surface of this electrode is in much 
higher oxidation states than that on C-AOE. Nevertheless, the directions in the changes after 
wetting are the same as those for C-AOE. Thus water wetting oxidizes sulfones/sulfoxides to 
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sulfonic acids and acid wetting attacks reduced sulfur in thioles and bisulfides and converts them 
to sulfonic acids. The amount of the sulfate ions originated from the electrolyte is smaller than 
that in the case of the C-AOE samples, owing to the smaller porosity. Even though the direction 
of changes in the oxidation level of nitrogen for C-BE species is similar to that found for C-
AOE, the wetting with acid brings much more dramatic changes, with almost all the pyridine-N-
oxides being eliminated in favor of an increase in pyridine and pyrrolic/pyridone nitrogen. The 
former likely occurred through oxidative destruction. A significant finding from the above 
analysis is that not only sulfuric acid but also water wetting results in the oxidation of the carbon 
surface and sulfur functionalities are the most susceptible to oxidation surface species. As 
mentioned above, the presence of the oxidizing agents in water might be linked to the 
photoactivity of the carbons studied. When carbon containing only sulfur was investigated, that 
photoactivity was linked to the sulfur in aromatic rings modifying the band gap of the carbons 
[28, 56]. 
  
3.4. Analysis of photoactivity 
Following the presence of that photoactivity effect and to further investigate the small but 
consistent increase in the capacitance after VL irradiation, the chronoamperometry experiments 
were run at constant bias potential values in dark and under VL irradiation. The examples of the 
results obtained are presented in Figure 11. As seen, VL irradiation visibly increases the cathodic 
current measured. Since this effect was not observed in the absence of oxygen, we link it to 
oxygen reduction process on the surface of our electrodes [40, 41]. The comparison of the 
photocurrent densities generated on our polymer-derived carbon electrodes after wetting in water 
and sulfuric acid are presented in Figure 11. To ensure that neither the titanium foil nor the 
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solvent are playing a role in the observed photoactivity, the same experiments were carried out 
on the titanium foil and on Ti foil with the N-methyl-2-pyrrolidone solvent. While the solvent did 
not show any activity, the Ti foil pasted with 10 wt. % binder and 90 wt. % carbon black 
generated a very small current started at potential below 0 V vs. Ag/AgCl (Figure S5 of 
Supporting Information) and it clearly shows that the origin of the VL effect is only in the carbon 
surface. The photocurrent was recorded in the potential range of 0.6 V and -0.2 V, with the 
exception of carbon sample C-B (after wetting in sulfuric acid), which was measured only at 
0.12 V (Figure 6). This potential (0.12 V) was selected for being the most photoactive within the 
potential window of 0.6 V to -0.2 V vs. Ag/AgCl. The C-B sample demonstrated a broad peak at 
this potential. After wetting in water the order of a decreasing photocurrent is the following C-A 
> C-B > C-AO = C-BO. Sulfuric acid wetting changes the order to: C-B > C-AO = C-BO > C-A. 
Neutral wetting obviously shows the C-A sample as one with the most photoactive surface and 
we link it to the high content of sulfonic acids/sulfoxides and sulfones either in the active carbon 
materials or in the electrode.  
 
To have a closer look on the origin of the activity of carbons the detailed XPS study of the  C-
AOE and C-BE electrodes after wetting in water or sulfuric acid and used for  
chronoamperometry in dark and under solar light irradiation was carried out. The results are 
collected in Tables S1-S5 of Supplementary Information and Figures 9 and 10. The 
deconvolution of C 1s core energy level suggests that the most extensive changes toward 
reduction of the surface are seen for the sample wetted in sulfuric acid. The reduction of surface 
species is also confirmed in the deconvolution results of the O 1s spectra. On the other hand, the 
deconvolution of S 2p core energy level brings much more complex results. While for C-
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AOEwU wetted in water a marked oxidation of the surface is found, the sample wetted in 
sulfuric acid, C-AOEaU reveals the signs of reduction of oxysulfur compounds to sulfides and 
thioethers. Totally opposite trend is found for C-BEaU. On its surface the amount of highly 
reduced and highly oxidized sulfur species increased with the decrease of sulfur on intermediate 
level of oxidation. For C-BEwU the visible decreases in sulfides/thioethers and sulfonic acids is 
found with an increase in sulfoxides/sulfones. In the case of the surface nitrogen species more 
contribution of pyridine and pyridine –N oxide is found for carbons after the chronoamperometry 
experiment on C-AOE. For C-BE mixed effects were detected with no established trend. 
 
These complex changes suggest the involvement of sulfur and nitrogen compounds in the light 
promoted reduction of oxygen. One mechanism leading to it might be related to the 
photogeneration of electron-hole pairs [57] is a result of the decrease the band gap owing to the 
presence of heteroatoms and disturbance in π-π orbitals of the carbons matrix [56, 58]. They 
might enhance catalytic oxygen reduction and also result in the reductive changes observed on 
the surface. Formation of holes could be responsible for oxidation of some surface compounds. 
The complex effects might be the apparent results of this photoactivity. Another mechanism of 
photoactivity and enhanced oxygen reduction in the presence of light might be related to the 
presence of sulfur-oxygen organic moieties and nitrogen compounds. Such species are known to 
be chromophores [59]. Thus upon expose to light, the electrons in the active parts of those 
functional groups might get excited and instead of returning to the ground state and due to the 
fact that this happen in the cathodic range, they are rather accepted by molecular oxygen existing 
in the pore system. In this way the charged superoxide ions are formed and they increase the 
apparent capacitance. This process might be responsible for the reduction of the chromophores 
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and the XPS results suggest that sulfur-oxygen containing groups are those acting as 
chromophores moieties. 
 
The very high activity for oxygen reduction was found on C-B carbon which have some small 
pores where oxygen can be adsorbed and a broad distribution of sulfur species. Supporting for 
this is also the detection of relatively high contribution of molecular oxygen on the surface of 
this carbon. The molecular oxygen, when converted to superoxide ion in ORR as a result of 
catalytic/photocatalyic activity, might be responsible for the marked oxidation of reduced sulfur 
species on the surface of this carbon even after water wetting. 
 
Figure 11. Examples of current signals in dark and under solar light irradiation at -0.2 V vs. 
Ag/AgCl for the carbon materials prior wetted in water. 
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Figure 12. Photocurrent response at various bias potentials after wetting in water (A) and in 
sulfuric acid (B). For the C-B sample after wetting in sulfuric acid photocurrent was measured 
only at the potential 0.12 V vs. Ag/AgCl. At lower potential, owing to the photoactivity of this 
sample the surface chemistry changed (see Figure 6). 
 
Photocurrent generated in chronoamperometry experiments might have an effect on the 
capacitive behavior owing the changes in surface chemistry, which accompany this process. 
Therefore the CV curves were measured again using the same working electrodes, which were 
tested for VL photocurrent generation. The measured capacitance values are collected in Table 4. 
As seen, for C-A after wetting either in water or sulfuric acid, and for C-B wetted in sulfuric acid, 
the capacitance increased significantly. The measured current was high on these materials, and as 
suggested by the initial capacitance measurement and by the chemical analysis of the surface, 
sulfuric acid wetting resulted in carbon oxidation. This process limited the access of the 
electrolyte ion to the small pores owing to the formation of new surface groups. Obviously, 
during the electrochemical measurements, reduction of the newly formed species and the sulfur 
species (sulfonic acid) existing initially on the surfaces led to the opening of pores for EDLC, 
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creation of more electrochemically active species (such as sulfones or sulfoxides) and attraction 
of more sulfate ions via positive charge on the carbon surface imposed by the presence of 
reduced sulfur compounds increased the capacitance. The positive charge can also be imposed by 
nitrogen incorporated to the carbon matrix in pyridine-N-oxide configurations [21, 22]. These 
species may not only attract anions but they also promote a fast electron transfer [21, 22]. 
  
4. Conclusions 
The results presented in this paper show the paramount role of surface chemistry associated with 
sulfur and nitrogen containing groups for the capacitive behavior of nanoporous carbons. As 
shown, the carbons with the low surface area and porosity reach the capacitance of 450 F/g.  On 
practically nonporous carbon the capacitance of about 100 F/g was measured. It is linked to the 
richness of surface chemistry and the presence of sulfur, nitrogen, and oxygen containing groups, 
which might undergo reversible Faradaic reactions. Owing to the presence of heteroatoms the 
apparent band gap on the carbons decreased leading to the photogeneration of electron-hole pairs. 
While electrons contributed to the oxygen reduction, the latter oxidized some sulfur containing 
groups on the carbon surface. The sulfur containing groups, especially sulfoxides/sulfones and 
sulfonic acids were also found as acting as chromophores moieties, which can increase the 
electrochemical capacitance of carbon. Excited by light electrons are proposed to participate in 
oxygen reduction reactions. This process leads to the reduction of chromophoric groups, which, 
on the other hand, have a positive effect of the capacitance increasing the pore accessibility and 
the degree of pore volume utilization. Without the effect of visible light oxygen is reduced as a 
result of the catalytic properties of the carbon. The results showed that the pre-measurement 
wetting can have a pronounced effect on the capacitive behavior of carbons. This is not only 
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owing to a complete surface accessibility by ions (increase) but also owing to the surface 
reactivity and its vulnerability to oxidation (mixed effects). 
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Captions to the Tables 
Table 1. The parameters of porous structure calculated from nitrogen adsorption isotherms. 
Table 2. Content of elements on the surface (in at. % from XPS analysis). 
Table 3. The results of deconvolution of C 1s, O 1s, N 1s and S 2p core energy levels. 
Table 4. The specific capacitance values (in F/g) measured after wetting in water or sulfuric acid 
in dark or under visible light before and after chronoamperometry response upon on/off 
illumination. 
Table 5. Potentiometric titration results. The number of groups in mmol/g at each pH values is 
given in parenthesis. 
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Captions to the Figures 
Figure 1. N 1s and S 2p core energy levels. 
Figure 2. TA and mass spectra thermal profiles for the C-A series of carbons. A) - initial, B) - 
after wetting in sulfuric acid (multiplication factor: MW-16 x 7; MW-17 x 3; MW-18 x 1; MW-
28 x 1; MW-44 x 5; MW-48 x 50;  MW-64 x 11). 
Figure 3. TA and mass spectra thermal profiles for the C-B series of carbons. A) - initial, B) - 
after wetting in sulfuric acid (multiplication factor: MW-16 x 7; MW-17 x 3; MW-18 x 1; MW-
28 x 1; MW-44 x 5; MW-48 x 50;  MW-64 x 11). 
Figure 4. A) X-Ray diffraction patterns and B) Raman spectra. 
Figure 5. HR-TEM images. 
Figure 6. The CV curves measured after wetting in water (A) and in sulfuric acid (B) at the scan 
rate of 5 mV/s in dark - D and under visible light - VL exposure. 
Figure 7. Dependence of the specific capacitance on the number of acidic groups present on the 
carbon surface. 
Figure 8. FTIR spectra for the initial and wetted in 1 M H2SO4 carbon samples. 
Figure 9. C 1s, O 1s, N 1s and S 2p core energy levels for the air oxidized carbon (C-AO). 
Figure 10. C 1s, O 1s, N 1s and S 2p core energy levels for the initial carbon (C-B). 
Figure 11. Examples of current signals in dark and under solar light irradiation at -0.2 V vs. 
Ag/AgCl for the carbon materials prior wetted in water. 
Figure 12. Photocurrent response at various bias potentials after wetting in water (A) and in 
sulfuric acid (B). For the C-B sample after wetting in sulfuric acid photocurrent was measured 
only at the potential 0.12 V vs. Ag/AgCl. At lower potential, owing to the photoactivity of this 
sample the surface chemistry changed (see Figure 6). 
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Figure S1. Nitrogen adsorption-desorption isotherms. 
 
 Figure S2. A) Open circuit potential and B) Cyclic voltammetry with gradual increase of the 
potential range after wetting in water 72 hours. 
  
Figure S3. Cyclic voltammetry for non-oxidized and air oxidized carbon samples after wetting 
in 1 M H2SO4 without oxygen in the system in dark and under VL conditions. 
 
Table S1. Content of elements on the surface (in at. % from XPS analysis). 
Sample C F O N S O/C 
C-AOE 72.3 14.3 12.0 1.1 0.2 0.166 
C-AOEw 69.8 16.7 12.4 0.9 0.3 0.178 
C-AOEa 69.5 17.0 12.0 1.2 0.3 0.173 
C-AOEwU 69.8 17.1 12.0 0.9 0.3 0.172 
C-AOEaU 69.4 17.4 12.1 1.0 0.2 0.174 
C-BE 68.7 21.1 8.1 1.7 0.4 0.118 
C-BEw 68.4 20.4 9.3 1.3 0.5 0.136 
C-BEa 66.5 21.4 10.5 1.1 0.6 0.158 
C-BEwU 67.3 23.1 7.3 1.5 0.8 0.109 
C-BEaU 68.5 18.0 11.0 1.7 0.8 0.161   
Table  S2. The results of deconvolution of C 1s core energy level and their binding energy. 
Sample 284.8 eV 285.6 eV 286.5 eV 287.5 eV 288.7 eV 290.7 eV 293.5 eV 
C-AOE 48.13 11.30 13.70 7.71 4.41 15.75  
C-AOEw 45.03 12.90 15.29 7.25 4.83 17.71  
C-AOEa 47.12 10.78 14.83 7.41 5.20 14.66  
C-AOEwU 47.86 9.65 14.95 7.47 5.15 14.91  
C-AOEaU 50.54 10.27 13.27 6.84 4.86 13.73  
C-BE 41.18 10.48 13.61 10.16 6.03 18.54  
C-BEw 45.96 10.06 14.89 8.83 5.10 15.15  
C-BEa 43.76 13.30 9.95 6.05 4.23 19.91 2.80 
C-BEwU 46.92 10.24 14.53 8.34 4.95 15.02  
C-BEaU 49.90 9.48 14.15 7.92 4.69 13.87  
284.8 eV – C-C in graphitic carbon 
285.6 eV – C-(O, N, S, H) in phenolic, alcoholic, etheric 
286.5 eV – C-N in carbon-nitrogen structures and -CH2- of PVDF 
287.5 eV – C=O in carbonyl or quinone 
288.7 eV – O-C=O in carboxyl or ester 
290.7 eV – C-F in polyvinylidene fluoride 
293.5 eV – C-F in aromatic ring 
 
    
Table  S3. The results of deconvolution of O 1s core energy level and their binding energy. 
Sample 531.3 eV 533.3 eV 534.5 eV 536.2 eV 
C-AOE 43.80 48.63 7.56  
C-AOEw 35.44 57.54 7.02  
C-AOEa 40.96 52.61 6.43  
C-AOEwU 39.91 56.09 4.00  
C-AOEaU 41.54 53.12 5.35  
C-BE 33.02 33.16 21.30 12.53 
C-BEw 28.02 55.26 16.72  
C-BEa 30.86 53.15 15.99  
C-BEwU 32.06 53.16 14.79  
C-BEaU 33.10 53.74 13.16  
531.3 eV – C=O in carbonyl, quinone or sulfoxides/ sulfones 
533.3 eV – C-Oin phenol/epoxy, ether or thioethers/sulfonic 
534.5 eV – -O- in carboxyl, water or chemisorbed oxygen species 
536.2 eV – adsorbed water or oxygen, C=O (occluded CO or CO2)   
Table  S4. The results of deconvolution of N 1s core energy level and their binding energy. 
Sample 398.3 eV 399.9 eV 401.4 eV 403.5 eV 
C-AOE 16.92 63.10 17.21 2.77 
C-AOEw 15.82 56.57 22.10 5.51 
C-AOEa 15.59 65.77 14.28 4.37 
C-AOEwU 19.22 53.67 19.39 7.71 
C-AOEaU 18.54 52.86 19.57 9.03 
C-BE 16.56 48.84 24.90 6.69 
C-BEw 15.92 46.79 26.18 11.11 
C-BEa 20.58 55.79 22.36 1.27 
C-BEwU 17.39 48.17 26.71 7.73 
C-BEaU 17.89 50.96 22.96 8.19 
398.3 eV – N-6 in pyridine  
399.9 eV – N-5 in pyrrolic/pyridone and azo nitrogen 
401.4 eV – N-Q in quaternary and might be also from protonated amines 
403.5 eV – N-X in pyridine-N-oxide 
       
Table  S5. The results of deconvolution of S 2p core energy level and their binding energy. 
Sample 163.5 eV 164.7 eV 167.2 eV 168.4 eV 169.2 eV 
C-AOE 90.24  6.69 3.15  
C-AOEw 91.28  1.14 8.05  
C-AOEa 59.01 6.35 10.78 15.90 7.95 
C-AOEwU 47.60 14.05 9.45 12.41 6.50 
C-AOEaU 60.31 10.95 6.31 13.56 8.86 
C-BE 41.4 8.00 26.67 16.62 8.38 
C-BEw 40.53 10.11 19.05 22.34 9.08 
C-BEa 37.33 9.92 24.21 19.02 9.51 
C-BEwU 41.31 5.66 26.70 16.08 10.25 
C-BEaU 42.85 4.69 21.12 24.35 10.78 
163.5 eV – R-S-S- in thiol, bisulfides configuration 
164.7 eV – C-S-C/R-S2-OR in sulfides and thioethers 
167.2 eV – R2-S=O/R-SO2-R in sulfoxides, sulfones 
168.4 eV – R-SO3H/SO42- in sulfonic acids/sulphate 
169.2 eV – RO2-S-S-R or R-SO3H in sulfonic acids  
 
 
    
 Figure S4. F 1s core energy levels for the non-oxidized carbon after wetting in sulfuric acid (C-
BEa). 
 Figure S5. A) Cyclic voltammetry and B) Photocurrent response at various bias potentials for 
the Ti foil coated with N-methyl-2-pyrrolidone (NMP) and Ti foil pasted with 10 wt. % binder 
(PVDF) and 90 wt. % carbon black (CB) in dark - D and under visible light - VL exposure.  
